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CALCULATION OF dE/dx AND 
ENERGY LOSS DISTRIBUTIONS IN 

SPHERICAL CAVITIES FOR 
MONOENERGETIC NEUTRON FIELDS 

by 

Robert F. Dvorak 

ABSTRACT 

A computer program has been prepared that calculates the average 
dE/dx and energy loss for events occurring in a spherical cavity due to 
incident monoenergetic neutrons. No assumptions are made as to d i s t r i 
bution of path lengths. The part icle paths a re traced and a range-energy 
equation is used to calculate the cavity energy loss and average dE/dx 
for each event. 

The distribution in pulse height for events having the same average 
dE/dx is shown to be a function of both average dE/dx and the neutron 
energy, and to deviate from the commonly postulated tr iangular distr ibu
tion at neutron energies below 1 MeV for a cavity with a diameter of 
2.08 ^m. Pulse-height distributions and dose distributions in average 
dE/dx for several energies have been computed. From the pulse-height 
distributions, LET distributions were calculated by the Rossi-Rosenzweig 
technique and compared with the computed average dE/dx distribution. 

The weighting factor relating energy loss and deposited dose 
equivalent for an event, as used with the survey instrument proposed by 
Baum, was also computed. It is shown to be dependent on the neutron 
energy, and to vary by as much as a factor of three in a region of heavy-
event population. 

INTRODUCTION 

A device for the measurement of dose as a function of specific 
ionization was introduced by Rossi and Rosenzweig in 1955.' This device, 
which is generally called the Rossi LET Counter, has been utilized by a 
small number of investigators^"^ to determine dose and dose equivalent 
distributions in mixed radiation fields. 

The technique originally presented for evaluation of data ' was later 
clarified in an unpublished memorandum by Rosenzweig in May 1960, and 
serves as the basis for contemporary work with the instrument. 





The following assumptions a re cr i t ical to the analysis: 

1. A spherical cavity is surrounded by a t issue-l ike wall and 
irradiated in an isotropic neutron field. 

2. Neutron attenuation in the wall is negligible. 

3. The recoil par t ic les generated have constant dE/dx from 
birth to the point at which they leave the cavity. 

4. The range of recoil par t ic les is sufficiently great that it 
always t r ave r se s the cavity. 

5. Contributions to the spectrunn due to recoils originating in 
the cavity are negligibly small . 

None of these assumptions are strictly correc t if real recoil 
part icles a re considered. The assumptions approach reality as either 
the neutron energy is increased or the cavity size is decreased. These 
limitations were recognized by Caswell and by Lawson and Watt.' This 
being the case, the questions that immediately ar ise are how great is the 
e r ro r in the conventional Rossi analysis, and, if the e r r o r is significant, 
is there a nnore accurate means to transform the energy-loss distributions 
measured by the proportional counter into the corresponding LET distr ibu
tions. The work presented here explores these questions. 

DESCRIPTION 

To achieve these ends, a computer program was prepared for the 
Argonne CDC 3600 computer. The program simulates the recoil p rocesses 
occurring in a spherical cavity within a t issue-l ike spherical medium of 
finite dimensions that resul ts from irradiation by unit isotropic fluence 
of neutrons. The computation begins with the isotropic distribution of 
proton or carbon recoi ls , and by programmed samples over all possible 
initial energies , wall depths, and angles of emission, synthesizes the 
actual spectra resulting from cavity t r ave r sa l s . 

Analytical expressions for energy as a function of particle residual 
range were necessary for use in the computation. Basic data for dE/dx 
versus energy for protons were taken from published work by Snyder and 
Neufeld, Janni, the National Research Council, Snyder, and Turner . 
The basic data for carbon ions, which are not part icularly accurate , were 
taken from Snyder and Neufeld,' Steward and Wal lace ," and Snyder." 

The various data were combined to develop "reasonable" dE/dx 
versus energy curves for each par t ic le . Analytical expressions for 
dx/dE versus energy were then prepared using a l eas t - squares data-
fitting program. The expressions for residual range as a function of 





energy were obtained by integration of the dx/dE versus energy functions. 
Finally, data taken from the residual range versus energy function were 
refitted to give the desired energy versus residual range functions. 

Having developed these conventional energy-related functions, we 
developed a corresponding set of damage functions. If we define 

dB(x) ^ / d E \ dE , , , . 
Rate of Damage = = ^ d ~ " / " d " (MeV-cmyg) 

where Qf--—j is the Quality Factor, we can define 

• /x 
Residual Damage = B(X) = / Q ( ^ ) 4 ^ dx (MeV). 

The analytical expressions for damage as a function of residual particle 
range were prepared for both protons and carbon ions. 

Calculation of the paran-ieters for ionizing events entering the 
cavity proceeds was based on the iollowing assumptions; 

1. Since the neutron fluence is isotropic, the recoils a re also 
isotropically distributed in direction. 

2. In each direction, all recoil energies between zero and the 
allowed maximum are equally probable. 

3. The recoils travel in straight lines. 

4. No neutron attenuation occurs in the cavity wall, and each 
event is the result of a first collision. 

5. The cavity diameter is large compared to the diameter of the 
ionized column, so that, effectively, the dE/dx energy loss remains within 
the cavity boundary. 

6. All energy losses are through the mechanism of ionization. 

For recoils originating in the wall, the computation proceeds 
as follows: 

1. The maximum recoil energy is determined, and I equally 
incremented energy groups are established between zero and maximum 
energy. The midenergy E^ and the corresponding part icle range Rj are 
determined for each group. 





235-1505 
Fig. 1. Representation in Two Dimensions of the 

Geometric Relationships Used in Computing 
Traversal Probabilities and Path Lengths for 
Recoils Originating in the Wall Volume 

def ined by (0 rnax) i j 'S d iv ided into K 
bounded by 9 i , j , k 3-"<l Si , j ,k-H. w h e r e 

2. For each Ej, and mea
suring outward from the wall-cavity 
interface, the recoil-contributing 
wall volume between zero and Ri 
is divided into J concentric spherical 
shells of thickness Rj / j with mid-
radius D i j (see Fig. 1). Using 
input values of wall density and 
neutron macroscopic elastic c ross 
section, and calculating the shell 
volume V i j , the probability per 
unit fluence Xj j of a recoil of 
energy Ej being generated in the 
shell volume Vj j is determined. 

3. For each Ei and each 
shell radius D j j , the maximum 
angle 9^ 

k(e, 
' i , j ,k -

^ 

is calculated on which 
a recoil can travel and either 
graze or just reach the cavity 
interface. The cone of revolution 
conical shells of revolution, each 

K 

The fractional solid angle f̂ i j k ^°' ' '^^ conical shell of revolution de
fined by 9i,j,k ^"d 9i,j,k-H 'S determined. 

4. Having calculated 9i,j,k ^"d Di,j, and using input data for 
cavity density, wall density, and cavity radius, it is a simple geometrical 
calculation to determine the path length for the recoil in the wall and 
maximum possible path length in the cavity. Starting with Ri, the range 
of the recoil, the residual range at the cavity interface on entry and 
exit is determined. Borrowing Caswell 's terminology, the track length 
in the cavity AXi,j,k is equal to the difference in residual ranges for 
" c r o s s e r s , " and equal to entry residual range for "s toppers ." From the 
range-energy equations, the energy of the recoil at the entry and exit 
cavity interfaces is calculated. The energy loss in the cavity AEi j ^ is 
equal to the difference in energies for " c r o s s e r s " and to the entry energy 
for "s toppers ." Continuing, and using the residual damage-range equations, 
ABj j )̂  is calculated. Finally, the probability per unit neutron fluence of 
a recoil of energy Ej originating in the shell at radius Di_j and traveling 
in the conical shell between 6i,j,k and 9i,j,k-H is calculated as 

Pi,j ,k = Z " i . j . 
l.J 





F o r the even t ( i , j ,k) we now have or can c o m p u t e the following i n f o r m a t i o n : 

E n e r g y L o s s = AEi ; î ; 

dE dE 
A v e r a g e -;— = —;— 

^ dx dx 

D a m a g e = A B i j . k ; 

AE i . j . k . 

, j ,k A X i , j , k ' 

A v e r a g e Qual i ty F a c t o r = Qi j^k 
ABi, j ,k 

-^Ei . j .k ' 

P r o b a b i l i t y p e r unit f luence of even t = P i , j ,k -

5. A t w o - p a r a m e t e r a n a l y s i s is now p e r f o r m e d in the following 

The f i r s t p a r a m e t e r is p l aced a long what we sha l l r e f e r to 
a s the X a x i s and in th i s p r o g r a m is a l w a y s AEi , j ,k . The second p a r a m e t e r , 
a long the Y a x i s , i s s e l e c t a b l e a s e i t h e r ( d E / d x ) i ; \^, ABi ; k. o r Qi , j ,k ' 
E a c h a x i s i s d i m e n s i o n e d a p p r o p r i a t e l y and into a maxinnum of 100 equa l 
i n c r e m e n t s o r " c h a n n e l s . " 

C o r r e s p o n d i n g to P i , j , k we have , a c c o r d i n g to one opt ion, a 
r a n g e of AE be tween AEi j , k ^" ' i ' ^^ i , j ,k -H. 3-"d a r a n g e of d E / d x be tween 
( d E / d x ) i j ^ k ' ' "d (dE/dx)iJ ,k- l- i - If the a r e a in the X-Y p lane def ined by t h e s e 

v a l u e s e n c o m p a s s e s mn c h a n n e l s , 
then the i n c r e m e n t P j ; k/n^n i s added 
to eaah of the involved c h a n n e l s . 
Effec t ive ly , even t p r o b a b i l i t y i s 
a c c u m u l a t e d in the Z a x i s d i r e c t i o n 
a s the a n a l y s i s i s p e r f o r m e d for 
each of the i, j , k e v e n t s . 

The c a l c u l a t i o n of r e c o i l s 
o r i g ina t i ng in the cav i ty is next 
u n d e r t a k e n and p r o c e e d s in an 
i den t i ca l m a n n e r . R e f e r r i n g to 
F ig . 2, the i m p o r t a n t d i f f e r e n c e s 
a r e tha t 9 and D a r e independen t 
of p r o t o n e n e r g y E i , the c o n c e n t r i c 

235-1506 

Fig. 2. Representation in Two Dimensions of the 
Geometric Relationships Used in Computing 
Traversal Probabilities and Path Lengths for 
Recoils Originating in the Cavity 

and the cav i ty i n t e r f a c e r a d i u s , and 
©max is a lways 180°. The e q u a t i o n s 
for c a l c u l a t i o n of the g e o m e t r i c pa th 
length at ang le ^j ,k a r e , of c o u r s e , 
d i f fe rent , and the p r o t o n e n t e r s the 
e n e r g y - l o s s c a l c u l a t i o n with e n e r g y E i . 
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To inc lude c a r b o n r e c o i l s in the s p e c t r u m , it i s n e c e s s a r y only 
to r e p e a t the above c a l c u l a t i o n s wi th r e s i d u a l r a n g e - e n e r g y and r e s i d u a l 
e n e r g y - r e s i d u a l d a m a g e e q u a t i o n s tha t a r e c a l c u l a t e d for c a r b o n i o n s . 

After the t w o - p a r a m e t e r a n a l y s i s h a s been p e r f o r m e d and c o m m i t t e d 
to the c o m p u t e r m e m o r y , it is p o s s i b l e to c a l c u l a t e e a s i l y and quickly a 
n u m b e r of v e r y usefu l s u m m a t i o n s , s o m e of which a r e i nd i ca t ed be low: 

M 
N u m b e r of E v e n t s = y 

m = i 
Y P ( A E m . Y n ) 

w h e r e Y i s any of the Y ax i s p a r a m e t e r s ; 

M 
T o t a l D e p o s i t e d Dose = 7 7 / 

M Z-^ Y A E m P ( A E m , Y n ) 

w h e r e M is the weight of m a t e r i a l in the cav i ty and C is the c o n s t a n t 
r e l a t i n g MeV to e r g s ; 

M 
(J ^^ 

T o t a l D e p o s i t e d Dose E q u i v a l e n t = — } 
M ^-' 

N 
Y ( A B ) „ P ( A E m . A B n ) 

M 

I 
m = i Ln = l 

£ Q n P ( A E m , Q n ) 

E v e n t - a v e r a g e d Qual i ty F a c t o r = » 
N u m b e r of Even t 

M r • 

(•-—1 s p e c t r u m , e v e n t s in n ' ^ f - — j i n t e r v a l = X ^ ^ ^ " ^ ' ( ' H — / 
m = i L ". 

N 

D e p o s i t e d d o s e s p e c t r u m , e v e n t s in m AE i n t e r v a l = ^ P ( A E m , Y n ) ; 
n=l 

,u / d E \ 
D e p o s i t e d d o s e d i s t r i b u t i o n , dose in n"-" 1-r—I i n t e r v a l = 

§ I A E . P r A E m , ( f ) ^ 
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Current running time is about 5 min for a problem consisting of 
108,000 cavity events (i x j x k), shared equally by proton and carbon 
recoils in both wall and cavity, and involving one Y parameter . A 
substantial reduction in time could be achieved through more efficient 
programming. 

VERIFICATION 

It is important to determine, first, whether the computer program 
yields spectral distributions that compare well with both experiment and 
theory. 

To provide experimental check, a ser ies of i rradiat ions were 
performed at the Argonne 4.5-MeV Van de Graaff accelerator , using the 
reaction Li (p,n)Be' to produce neutrons up to 1.81 MeV. 

The Rossi LET counter system used has been described elsewhere.* 
The 8-in.-diam chamber was selected on the basis of its superior sensitivity. 
The fill-gas was a t issue-equivalent mixture at a p ressu re of 8.8 mn, r e 
sulting in a cavity of 2.08-fim effective diameter . Irradiations were made 
at a 2-m distance from the target to minimize neutron-energy spread, and 
the background due to secondarily scattered neutrons from the environment' 
were subtracted by making a second run with a paraffin shadow cone inter
posed between the target and the counter. 

Calculations were made with the described computer program, for 
a cavity having the same physical size and fill p re s su re , to determine the 
expected response at the same energies . The calculated and experimental 
spectra for 500 keV and 1.81 MeV are compared in Figs. 3 and 4. For 
purposes of comparison, the experimental spectra are normalized to equalize 
the number of events above 12 keV. 

It can be seen that the agreement is quite good at these energies . 
The most apparent difference is in the end-point energy loss. A linear 
extrapolation of the end points shows a difference of about seven percent 
between calculated and experimental curves. This corresponds well with 
the measured counter resolution of 6^ percent half-width at half-height. 
Other shape distortions are probably also due to the counter collection and 
multiplication charac te r i s t i c s . Significantly, all major charac ter i s t ics of 
the curve shape a re found to correspond. 

A second test of the calculations is a comparison of the distribution 
of deposited energy as a function of dE/dx with that predicted by the theory 
of Boag.'* The comparisons made for 2.5- and 14-MeV neutrons using a 
0.1-/im cavity are shown in Figs. 5 and 6, respectively. As can be seen, 
agreement is quite good. Although Boag's expression for D(.S£j has a 
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Fig. 3 Comparison between Pulse-height Spec
trum Obtained Experimentally with 
500-keV Neutrons, Using an 8-in. LET 
Counter, and the Spectrum Calculated 
with the Described Computer Program. 
Ordinate values for the calculated 
spectrum are for unit neutron fluence. 

235-1516 

Fig. 4. Comparison between Pulse-height Spec
trum Obtained Experimentally with 
1.81-MeV Neutrons. Using an 8-in. LET 
Counter, and the Spectrum Calculated 
with the Described Computer Program, 
Ordinate values for the calculated 
spectrum are for unit neutron fluence. 
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Fig. 5. Comparison between the Distribution of De

posited Energy in dE/dx, as Calculated with 
the Described Computer Program, and the 
Distribution of Deposited Energy in dE/dx, 
as Calculated from the Boag Equation, for 
2.5-MeV Neutrons. Ordinate values are for 
arbitrarv neutron fluences. 
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Fig. 6. Comparison between the Distribution of De
posited Energy in dE/dx. as Calculated with 
the Described Computer Program, and the 
Distribution of Deposited Energy in d£/dx, 
as Calculated from the Boag Equation, for 
14-MeV Neutrons. Ordinate values are for 
arbitrary neutron fluences. 
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Fig. 7. Comparison between the Distribution of De
posited Energy in dE/dx, as Calculated with 
the Described Computer Program, and the 
Distribution of Deposited Energy in dE/dx. 
as Calculated from the Boag Equation for 
80-keV Neutrons. Ordinate values are for 
arbitrary neutron fluences. 

8 - in . -d iam c h a m b e r at an effect ive c 
a r e d e s c r i b e d be low. 

d i s c o n t i n u i t y at a p r o t o n e n e r g y of 
about 87 keV, it i s p o s s i b l e to m a k e 
a c a l c u l a t i o n a t e n e r g i e s below th i s 
v a l u e . The r e s u l t s for 80 -keV n e u t r o n 
e n e r g y a r e shown in F i g . 7. The dif
f e r e n c e s in m a g n i t u d e of the high 
d E / d x peak and i t s e n e r g y , a s wel l 
a s the p r e s e n c e or a b s e n c e of cutoff 
point at low d E / d x , a r e d i r e c t l y 
a t t r i b u t a b l e to d i f f e r e n c e s in shape 
of the d E / d x v e r s u s e n e r g y funct ions 
a s s u m e d in the r e s p e c t i v e c a l c u l a t i o n s . 

It can be conc luded that the 
c o m p u t e r p r o g r a m d e s c r i b e d is 
capab le of syn the s i z ing the s p e c t r a 
of even t s o c c u r r i n g in a t i s s u e cav i ty 
with an a c c u r a c y l imi t ed p r i m a r i l y 
by cho ice of the b a s i c d E / d x v e r s u s 
e n e r g y i n fo rma t ion c h o s e n . It a p p e a r s 
a l s o that the a c c u r a c y i s suff ic ient 
for use a s a m o d e l to e x p l o r e and t e s t 
m a n y of the r e l a t i o n s h i p s a t t endan t to 
n e u t r o n i r r a d i a t i o n of t i s s u e c a v i t i e s . 

R E S U L T S 

< Most of the c o m p u t a t i o n s to 
date has been a i m e d at t e s t ing the 
c o m p u t e r p r o g r a m . A l i m i t e d amoun t 
of e.xploration h a s been done for the 

avi ty d i a m e t e r of 2.08 /jm. The r e s u l t s 

A. P u l s e - h e i g h t D i s t r i b u t i o n for M o n o - L E T P a r t i c l e s 

I n h e r e n t to the R o s s i - R o s e n z w e i g a n a l y s i s is the a s s u m p t i o n that 
the e n e r g y l o s s d i s t r i b u t i o n in a cavi ty for m o n o - d E / d x (or L E T ) p a r t i c l e s 
wi l l be t r i a n g u l a r . 

The p r o b l e m of event d i s t r i b u t i o n h a s been p r o g r a m m e d and run 
for an 8 - i n . - d i a m R o s s i c h a m b e r fil led to 8.8 m m Hg p r e s s u r e ( c o r r e 
sponding to a t i s s u e cav i ty of 2.08 jum) and i r r a d i a t e d by i s o t r o p i c n e u t r o n 
f l uences of 2.5 MeV, 500 keV, and 80 keV. The b a s i c output is a t h r e e -
d i m e n s i o n a l d i s p l a y of event p r o b a b i l i t y a s a function of e n e r g y l o s s and 
a v e r a g e d E / d x , and is diff icult to d i sp l ay meaningfu l ly . F i g u r e s 8, 9, and 
10 show t w o - d i m e n s i o n a l s e c t i o n s of event p r o b a b i l i t y a s a function of 
e n e r g y l o s s in s e l e c t e d dE/d.x i n t e r v a l s for the r e s p e c t i v e e n e r g i e s . 
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For 2.5-MeV neutrons (see Fig. 8) the distributions a re seen to be 
clear ly tr iangular if allowance is made for the rather large width of the 
dE/dx groups. For 500-keV neutrons (see Fig. 9), the distributions are 
reasonably tr iangular , par t icular ly at the higher dE/dx values, but suffer 
from an intrusive peak at intermediate energy loss due to recoils originating 
in the cavity gas. If the neutron energy is reduced to 80-keV (see Fig. 10), 
the distributions a re no longer tr iangular . The predominant peaks result , 
as before, from total absorbtion of the recoils in the cavity. 

It would appear that the assumption of a tr iangular distribution 
loses validity for neutron energies below roughly 1.0 MeV for a 2.08-/.im 
cavity. A reduction in cavity diameter should extend the valid energy 
range. 

B. Distribution of Deposited Energy in dE/dx 

While the tr iangular distribution assumption becomes progressively 
poorer as neutron energy decreases , it does not necessar i ly follow that 
the analysis technique will fail to give a reasonable estimate of the dis
tribution of energy deposited as a function of dE/dx. 

As mentioned ear l ie r , the computer program calculates both the 
expected pulse-height spectrum and the energy-loss distribution in dE/dx. 
The pulse-height spectrum can be further analyzed, using the Rossi-
Rosenzweig technique, to give the same distribution. From the degree of 
agreement between the two distributions, we can appraise the validity of 
the Rossi-Rosenzweig technique. 

Comparisons have been prepared for 1.81 MeV, 500 keV, 200 keV, 
and 80 keV, and are shown in Figs. 11-14, respectively. As can be seen, 
agreement is very good at 1.81 MeV, adequate at 500 keV, and very poor 
at 200 keV and below. The distortions that a r i se in analyzing events that 
do not t r ave r se the cavity a re dramatically apparent in the 80-keV com
parison; it should be kept in mind that the theoretical curve uses the 
average dE/dx for the horizontal axis, a figure lower than the initial dE/dx 
of the recoil par t ic les associated with 80-keV neutrons. For example 
an 80-keV proton losing all energy in the cavity has an initial dE/dx of 
about 93 keV/;:Jm, an average dE/dx of 58 keV/jum, and a Rossi analyzed 
LET of 39 keV// im. 

From this comparison it is apparent that the Rossi-Rosenzweig 
analysis will be significantly in e r r o r for neturons below about 500 keV. 
A comparison, not shown here , has been made for a square rather than 
a t r iangular distribution function. At low energies , a somewhat better 
agreement is found and at high energies a poorer agreement. Analysis 
under this assumption also becomes invalid as the recoil par t ic les fail 
to t r ave r se the cavity. 
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Figs. 11-14. The Energy-loss Spectrum and Dose Distribution in dE/dx Were Calculated with 
the Described Computer Program (see individual figure for neutron energy). The 
energy-loss spectrum was then analyzed by the Rossi technique. Comparison is 
made between results of the Rossi analysis and the computer calculation. The 
ordinate values are for arbitrary neutron fluences. 
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A more detailed study using three-dimensional data presentation 
leads to the conclusion that there appears to be no single distribution 
assumption of any shape that will serve as a basis for data analysis unles< 
neutron energy and cavity size a re res t r ic ted . 

C. REM-meter Application of LET Cou nter 

Baum has proposed that the Rossi LET counter be used as the 
detector for a Rem-responding survey meter . His calculations, which 
have been elaborated by Anderson,'^ utilize the Rossi-Rosenzweig 
t r iangular-dis tr ibut ion assumption to show that with each value of pulse 
heigh (i.e., energy loss) a multiplier related to Quality Factor can be 
calculated which will convert the integrated energy loss for the spectrum 
into dose equivalent. The proper multiplication is achieved with an 
appropriately designed nonlinear amplifier. 

t K t ,^ '^" '\^^^ ' '^^" " ' ° ' " " ' ' " ^ '^^^ '^^ triangular distribution begins 
to break down for neutrons below 500 keV, it is appropriate to re-examine 
this concept. A program output that yielded the event-averaged Quality 
Factor for each energy-loss interval was utilized. Runs were made for a 
^ .08-^m cavity and for energies between 50 keV and 14 MeV The results 
are shown in Fig. 15 together with the Baum calculated multiplication 
factor. 

• • 84UM CflLCULA^TED GAIN FOR 2 0 8 ^ m CaviTV 

CALCULATED OF FACTOR ZOS/^mCAVlTV 

rrrr 

235-1507 

Fig. 15. 

I I I I I I I I I I I M M I I I I l l I I I I I I I I I 1-1 
8 0 120 160 2 0 0 2 4 0 2 8 0 3 » 3 6 0 4 0 0 

ENERGY LOSS IN keV 

Comparison Is Made between Quality Factor as a 
Function of Energy Loss (pulse height) for Various 
Neutron Energies, and the Gain Factor Proposed 
for the Baum REM-responding Survey Meter 

F r o m th i s se t of c u r v e s , it can be s e e n that for a cav i ty of t h i s 
s i z e , the s h a p e of the a m p l i f i c a t i o n c u r v e is a funct ion of e n e r g y wi th a 
l i m i t i n g e n v e l o p e for both high and low n e u t r o n e n e r g i e s . As would be 
e x p e c t e d , the B a u m c u r v e a p p r o x i m a t e s the h i g h - e n e r g y enve lope . It i s 
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twoTor 50 k V - ^ ' — e n t would be in e r r o r by about a factor of 
two for 50-keV monoenergetic neutrons, whereas the e r r o r would be 
negligible for neutrons wxth energies greater than 2 MeV. It is further 
est imated that to give negligible e r ro r as low as 50 keV, the cavity 
diameter must be reduced to about 0.2 fim. 

CONCLUSIONS 

A computer program has been described for calculating the prop
er t ies of neutron-initiated events traversing a spherical cavity within a 
t issue- l ike medium. Calculated pulse-height distributions correspond 
^ ^ i t h experimentally produced spectra, and deposited dose versus 
dE/dx distributions a re in agreement with the predictions of Boag. 

Examples are given indicating that the pr imary limitation of the 
Rossi-Rosenzweig LET analysis is imposed by the tr iangular-distr ibution 
assumption. Where cavity size is sufficiently small for the neutron energies 
involved, the assumption is reasonable and the resul ts of the analysis are 
cor rec t . It is shown that, for a 2.08-;im cavity, the failure point is in the 
region of neutron energy between 500 and 1000 keV. 

It follows that any cavity calculation using the tr iangular-distr ibution 
assumption will also become inaccurate at some lower limit of neutron 
energy. The case of the Baum Rem-meter is considered, and the extent 
of expected e r r o r in the low-energy region is indicated. 

ACKNOW LEDGMBNT 

I would like to express my deepest appreciation to H. R. Sebastian 
for his ass is tance in the experimental work and the analysis of data, and 
to L. L. Anderson for his cr i t ical review of this paper. 





REFERENCES 

1. H. H. Rossi and W. Rosenzweig, A Device for the Measurement of Doee as 
a Function of Specific Ionization, Radiology 64, 404-410 (March 1955). 

^' l'J^\^°^^i' "• R?""^"eig. M- H. Biavati. L. Goodman, and L. Phillips. 
Radtati^ Protection Surveys at Heavy Particle Accelerators at Energies 
Beyond Several Million Electron Volts, Health Physics 8, 331-342 (1962) 

3. L. F. Phillips, R. J. Champagne, and E. D. Scalsky, "Linear Energy 
Transfer Spectra and Effective Quality Factors in Stray Radiation Areas 
°^ X^ Brookhaven National Laboratory Proton Synchrotrons," Proceedings 
Of the USAEC First Symposium on Accelerator Dosimetry and Experience, 
Upton, New York, November 3-5, 1965, CONF 651109. 

4. T. Overton, Experience with a Linear Energy Transfer (LET) Chamber at 
CERN, CERN 66-33, Geneva (Oct. 24, 1966). 

5. R. F. Dvorak, A Pulse Analysis System and Computer Program for the 
Rossi LET Counter, First International Congress of the International 
Radiation Protection Association, Paper 43, Rome, Italy, 
September 5, 1966, to be published. 

6. R. s. Caswell, Deposition of Energy by Neutrons in Spherical Cavitiee, 
Radiation Research, 27, 92-107 (Jan 1966). 

7. R. C. Lawson and D. E. Watt, The LET Distribution of the Recoil Proton 
Dose from D-D and D-T Neutrons, Phys. Med. Biol. 12, 217-228 (1967). 

8. W. S, Snyder and J. Neufeld, On the Passage of Heavy Particles through 
Tissue, Radiation Research 6, 67-78 (1957). 

9. J. F. Janni, Proton Absorbtion in Dose-equated Materials, AFWL-TR-65-3 
(April 1965). 

10. Studies in Penetration of Charged Particles in Matter, National Academy 
of Sciences—National Research Council, Nuclear Science Series, 
Report #3 9, Committee on Nuclear Science, Washington, D.C. (1964). 

11. W. S. Snyder, "The LET Distribution of Dose in Some Tissue Cylinders," 
Proceedings of the IAEA Symposium on Biological Effects of Neutrons 
Irradiations, Upton, New York, October 1963 I, 7. 

12. J. E. Turner, The Possible Role of Momentum in Radiation Dosimetry. 
II. Extension to Charged or Uncharged Particles and Implications, 
Health Physics II, 1163-1175 (Nov 1965). 

13. P. G. Steward and R. Wallace, Calculation of Stopping Power and 
Range-Energy Values for Any Heavy Ion in Non-gaseous Media, UCRL 17314, 
(Dec 1966). 

14. J. W. Boag, The Distribution of Linear Energy Transfer or 'Ion Density' 
for Fast Neutrons in Water, Radiation Research 6, 323-341 (1954). 

15. J. W. Baum, Non-linear Amplifier for Use in Mixed Radiation REM-
Responding Radiation Meters, Health Physics 13, 775-781 (1967). 

16. L. L. Anderson, Theory of an Integral Method for Deriving the Doee 
Equivalent from LET Counter Data, Radiation Research 31, 622 (1967) 
Abstract. 






